Cytomegalovirus (CMV) retinitis is an important ocular complication in human immunodeficiency virusinfected individuals and the leading cause of blindness in those not undergoing highly active antiretroviral therapy. Murine CMV (MCMV) infection of mice has been shown to be a useful small-animal model for the study of CMV pathogenesis in the eye. The purpose of this study was to evaluate CMV persistence in ocular tissue and to determine the potential for reactivation. Following subretinal inoculation of immunocompetent BALB/c mice, tissues were tested for infectious virus by plaque assay and for the presence of viral DNA and RNA by PCR. The latent phase of the infection in mouse tissues was analyzed by plaque assay, PCR, and explantation cocultivation in both immunocompetent and cyclophosphamide-treated mice. The acute phase of the infection was resolved by 2 to 3 weeks postinfection, while viral DNA persisted beyond 12 months. Immediate-early 1 transcripts were detected in 100% of the ocular samples tested, and glycoprotein H transcripts were detected in 86% of the samples, but no difference in viral DNA or RNA levels between immunocompetent and immunosuppressed animals was measured. Irrespective of immune status, no in vivo reactivation was detected; however, reactivated virus was observed in 76 to 82% of the eyes following explantation onto a permissive cell layer. The transcriptional activity and relatively high frequency of explantationinduced reactivation in both immunocompetent and immunosuppressed mice suggest that control of MCMV latency in ocular tissue might involve other regulatory events that are not entirely dependent on intact specific immunity.
Cytomegalovirus (CMV) is a ␤-herpesvirus that is fairly ubiquitous in the human population and generally causes mild or subclinical disease in healthy individuals (47) . Although the acute replication of CMV is eventually cleared by the host immune system, the virus persists by establishing a lifelong latent infection, defined as the presence of viral DNA without the detection of infectious virus. Human CMV (HCMV) has been shown to establish latency in cells of the monocyte/macrophage lineage including hematopoietic progenitor cells (16, 42, 56) , and there is evidence of persistent HCMV infection in aortic endothelial cells (14, 15) . The ability of CMV to reactivate from a latent state that is subsequently accompanied by asymptomatic viral shedding can periodically occur in healthy, seropositive individuals; however, the specific cell types from which recurrent virus comes are unknown. A significant amount of CMV morbidity can be attributed to reactivation events that are normally controlled by the immune system, based on the observation that immunosuppressed individuals often suffer from HCMV disease (54) .
CMV has emerged as an important opportunistic pathogen in immunosuppressed persons, and reactivation of latent virus, which can cause significant morbidity in multiple organs including the eye, is frequently observed (20, 48) . CMV retinitis is a focal, progressive, necrotic infection of the retina and is a sight-threatening result of ocular infection. It is the most common infectious ophthalmic complication in AIDS patients (17, 23, 25) , affecting up to 40% of individuals not receiving highly active antiretroviral therapy (HAART), and is the leading cause of blindness in this population (24, 39) .
The clinical features of CMV infections have been well characterized, but the pathogenesis of ocular infections, including the potential for establishment of a latent infection and subsequent reactivation, is not well understood. Murine models of CMV have been used successfully to study parameters of latency in visceral organs such as salivary gland, lung, and spleen (9, 32) . Murine CMV (MCMV) is similar to HCMV with respect to pathogenesis and the ability to establish and reactivate from latent infections. It establishes latent infections in myeloid lineage cells of the blood and bone marrow (45) , alveolar macrophages, endothelial cells of the kidney, liver, heart, and spleen (33) , and the lung (5) .
A murine model of ocular infection that uses subretinal inoculation of MCMV by a supraciliary injection has provided a system that histopathologically is similar to HCMV retinitis (2, 21, 31) . It has previously been demonstrated that the use of immunosuppression increases both the incidence and the severity of CMV retinitis (12, 31) ; however, the molecular nature of CMV and immunological control following an acute infection remains largely unknown. Unlike other herpesviruses with characterized latent-associated transcriptional activity (28) , viral gene expression in latent CMV infection is restricted. In CMV latency studies with the mouse, there is evidence at the molecular level of immediate-early 1 (ie-1) transcription activity in some instances (36, 65) , and several studies have inves-tigated the expression of viral RNA associated with productive infection in tissues of latently infected mice. Detectable levels of MCMV ie-1 transcripts in organs have been reported (6, 18, 37, 64, 65) , but detection of ie-1 transcripts in tissues of latently infected mice is not universal (33) . It is not clear whether this discrepancy is due to differences in sensitivity of detection, to methods used for infection, or to spontaneous reactivation of the virus.
Animal models of CMV have shown that reactivation can be induced by immunosuppressive therapies alone, such as total body irradiation, administration of cytotoxic drugs like cyclophosphamide (CY), or by immunodepletion of T cells or T-cell subsets (6, 7, 29, 40, 41, 49) . Polic et al. (49) concluded that unlike other herpesviruses CMV latency in the lung is maintained primarily as a result of immune surveillance rather than by transcriptional control in latently infected cells. However, with less cytotoxic immunosuppressive regimens, such as the use of cyclosporine, the frequency of reactivation is much lower than what is observed with other therapies, both in animals and in clinical settings (7, 19, 52) .
Since the establishment of combination therapy (HAART), AIDS patients responding to this treatment have shown an overall decrease in the incidence of opportunistic infection, including CMV retinitis (39) . HAART responders have a suppression of human immunodeficiency virus (HIV) load, improvement in immune function, and a decline in the incidence of CMV retinitis. These results have led to discontinuing CMV maintenance therapy for some patients (26, 59, 60, 61) , but the long-term benefit of HAART-induced immune reconstitution is not known and there are emerging reports of recurrent CMV retinitis in these patients (8, 27, 34) .
Taken together, it is clear that control of CMV latency is likely organ dependent with respect to both gene expression and immune suppression. In this report, we have investigated MCMV latency in ocular tissue and evaluated both the ability of the virus to establish a latent infection and the ability of MCMV to reactivate to the level of infectious virus. We used a subretinal inoculation to infect immunocompetent BALB/c mice with MCMV, and both the acute and latent phases of the infection were analyzed by plaque assay, PCR, and explant cocultivation. There was no measurable viral reactivation in any organ tested in vivo, regardless of treatment with CY. However, we did observe an explantation-induced reactivation in a high percentage (Ͼ70%) of explanted eyes from both immunocompetent and immunosuppressed animals. Additionally, in the absence of detectable infectious virus, reverse transcriptase (RT)-PCR analysis showed ie-1 transcription activity in 100% of the samples tested and glycoprotein H (gH) transcription activity in 86% of the ocular samples. This pattern of persistence was independent of whether the mice were perfused prior to eye enucleation, and it continued beyond 12 months postinfection (p.i.). The relatively high level of reactivation from latently infected eyes, as well as the unique viral RNA expression pattern, suggests that latency in ocular tissue might be alternatively regulated compared to other organs.
MATERIALS AND METHODS
Virus and tissue culture. The Smith strain of MCMV was prepared from murine salivary gland homogenates as described previously (29, 45) . Mouse embryo fibroblast (MEF) cells used for viral titration and production of control DNA were prepared from 18-to 20-day gestation BALB/c mouse embryos (Harlan Sprague-Dawley, Indianapolis, Ind.) and maintained as previously described (58) .
Infection of mice. Adult (6-to 8-week-old) female BALB/c (H-2 d ) mice (Harlan Sprague-Dawley) were used for all experiments. For MCMV ocular inoculations, the right eye of each mouse was injected with 10 4 PFU per eye via the supraciliary route as described elsewhere (2, 31) . A fresh aliquot of virus was thawed and diluted to the appropriate concentration in minimal essential medium (MEM) (Invitrogen, Gaithersburg, Md.) immediately before the inoculation for each experiment. The titers of the inocula were confirmed by plaque assay. Mock-infected mice received diluent only.
Reactivation and explant cocultivation. Immunocompetent mice ocularly infected with MCMV or mock infected were rested for Ͼ3 months. In an effort to induce MCMV reactivation in vivo, mice were immunosuppressed with CY (Sigma, St. Louis, Mo.) or mock treated 0, 2, 5, 10, 16, and 23 days following the resting period (31, 46) . One week after immunosuppressive treatment, the eyes (ipsilateral and contralateral), submandibular salivary glands, spleens, and lungs were removed, snap-frozen in liquid nitrogen, and stored at Ϫ70°C. Organs from each group were homogenized in MEM with 10% fetal calf serum (MEM-10) and analyzed for infectious virus by plaque assay. Organs from additional animals were homogenized in TRIzol (Invitrogen) for nucleic acid extraction and analyzed by PCR (45, 65) . Some animals (as indicated in the text) were perfused with 30 ml of phosphate-buffered saline (PBS) prior to removal of ocular tissues for PCR analysis (3) . For in vitro induction of MCMV reactivation, organs were harvested 1 week following CY treatment, minced in MEM-10, and explanted onto subconfluent MEF cell monolayers. The organs were cocultivated at 37°C and 5% CO 2 and monitored daily for 60 days or until viral cytopathic effect (CPE) was observed.
Plaque assay. Tissues from infected or control animals were harvested, snapfrozen in liquid nitrogen, and stored at Ϫ70°C. The eyes were thawed on ice and homogenized in 1 ml of MEM-10. For the other tissues, a 10% homogenate was made in 1 ml of MEM-10. Cell debris was removed by centrifugation at 3,000 ϫ g. The titers of clarified homogenates were determined on monolayers of MEF cells in a 24-well plate as described previously (31, 45) .
Reverse transcription and PCR analysis. Total RNA and DNA were extracted separately from tissues by using TRIzol reagent (Gibco) and purified as described elsewhere (45, 65) . RNA samples were treated with DNase (Invitrogen) and reverse transcribed by using pd(N) 6 random primers in the presence or absence of Moloney murine leukemia virus reverse transcriptase (Invitrogen) as described previously (65) . Ten percent of the reaction mixtures was used for PCR.
The primers and conditions for the PCR amplification of the MCMV ie-1 gene, the mouse adenine phosphoribosyltransferase (APRT) gene, and their transcripts were previously described (45) . For amplification of gH DNA and RNA, the primers (sense, 5ЈCACCGATGTGGTGTTCCTGC; antisense, 5ЈCG CGTGCATCCCTGACGAGT) were designed from the published sequence (GenBank accession no. D10089) and amplified 406-bp products. Direct incorporation of [␣-32 P]dATP into the PCR products provided enhanced sensitivity of the assays (45, 65) . All PCR conditions were optimized and tested to amplify their respective targets within the linear ranges of the reaction allowing for semiquantitation of the DNA or RNA present. Twenty percent of the completed PCR mixes were electrophoresed on nondenaturing 5% polyacrylamide gels, which were dried and exposed to X-ray film with intensifying screens.
Autoradiographs of PCRs were scanned with a Molecular Dynamics PDSI densitometer, analyzed with ImageQuaNT V4.2 software (Molecular Dynamics, Sunnyvale, Calif.), and compared to ie-1 standard curves of amplified plasmid DNA (31, 45, 65) containing the MCMV EcoRI E fragment (pRE1) (43) or reverse-transcribed RNA produced by in vitro transcription from a Bluescript plasmid (45, 65) containing the MCMV HindIII L fragment (43) . Control DNA used for the amplification of gH was a pUC19 plasmid containing the MCMV HindIII C fragment (pHC1). Statistical analysis was performed with Sigma Stat v.2.1.
Confirmation of PCR products was done by Southern blot analysis with targetspecific probes. Representative DNA and RNA samples from each group of animals were amplified as described above, except that no radionucleotide was included. Twenty percent of each product was run on a 5% polyacrylamide gel, electroblotted onto a nylon membrane, and hybridized under standard Southern blotting conditions (3) . The membranes were probed with [␥-
32 P]-labeled probes for ie-1 (5ЈCCAACAAGATCCTCGAGTCTGG) or gH (5ЈCTGAGCGTTCTG GCGTCGGTA) specific for sequences internal to the predicted PCR products (30) . Hybridization results were visualized by autoradiography.
RESULTS
MCMV replication kinetics and DNA persistence following subretinal inoculation. The acute replication kinetics of MCMV is dependent on both the route of inoculation and the particular organ in question. To determine the infection kinetics following an ocular inoculation, immunocompetent mice were infected with MCMV by subretinal inoculation. The infected eyes, contralateral eyes, submandibular salivary glands, spleens, and lungs were removed, and infectious MCMV titers were determined by plaque assay over a 3-week time period. In the inoculated eye, the virus reached a peak titer of 3 ϫ 10 3 PFU on day 5 p.i. and decreased to below the level of detection between 2 and 3 weeks p.i. (Fig. 1A) . The contralateral eye, however, had no detectable infectious virus over the 3-week time period, except in the case of one animal with one plaque detected on day 21 p.i. (Fig. 1A) . Consistent with MCMV replication following other routes of inoculation, the salivary gland showed the greatest amount of viral replication, which peaked at around day 11 p.i., with titers remaining above 10 5 PFU/mg of tissue even at 3 weeks p.i. (Fig. 1B) . By 3 months p.i., however, there was no detectable infectious virus in the salivary gland. Except for slight delays, typical replication kinetics were observed in both the spleen and the lung, and titers fell to near or below detectable levels by 3 weeks p.i. In addition to the delays, the peak titers were also lower than what is observed when MCMV is given by direct intravenous inoculation (65) (Fig. 1B) .
The persistence of MCMV DNA following the clearance of the acute infection in organs such as spleen, salivary gland, and lung is well described (9, 32, 65) , but little is currently known about the possibility of ocular persistence. To determine if MCMV establishes a persistent infection following subretinal inoculation, the inoculated eyes were tested for the presence of viral DNA. MCMV DNA from individual eyes was PCR amplified with primers specific for the ie-1 region at 8, 14, and 21 days and 3 months p.i. (Fig. 2) . Consistent with the establishment of a latent infection, MCMV DNA was present in the ocular tissue beyond the point of detectable infectious virus, even at 3 months p.i. To determine if the MCMV DNA detected in the eyes was due to latently infected blood cells within the vasculature of the ocular tissue, seven mice were subretinally inoculated. Three months p.i. the infected eyes were enucleated from three of the mice, while the remaining four animals were perfused with PBS prior to enucleation. Both APRT and ie-1 PCR analyses showed no significant differences in the amount of total DNA (P ϭ 0.114) or MCMV DNA (P ϭ 0.558) recovered between the perfused and nonperfused eyes.
In addition, the contralateral eye, salivary gland, spleen, and Mice were infected by subretinal injection unilaterally with MCMV, and the eyes were analyzed kinetically for the presence of viral DNA. The DNA was extracted from infected eyes and amplified by PCR using primers specific for the MCMV ie-1 gene. The predicted PCR product for MCMV ie-1 with these primers is 476 bp. The plasmid pRE1, which contains the relevant region of the MCMV genome, was used as a positive control, and water was the negative control for the PCR. The panel shows a Southern blot analysis of two representative samples of each time point (n ϭ 4/time point tested) using an ie-1-specific probe for the PCR product amplified from DNA at 8, 14, and 21 days and 3 months p.i. In vivo reactivation of MCMV in ocular tissue. In an effort to determine if the persisting viral DNA following subretinal inoculation was biologically relevant, we used immunosuppression with CY in an attempt to induce reactivation of MCMV since immunosuppression is known to induce reactivation of herpesviruses (6, 7, 29, 40, 41, 49) . Mice were infected subretinally with MCMV and rested for at least 3 months. To confirm the resolution of the lytic infection and the persistence of the viral DNA, one group of mice was tested for the presence of infectious virus by plaque assay and for viral DNA by PCR. As expected, no infectious virus was detected in any of the eyes, salivary glands, spleens, or lungs of the mice prior to CY treatment, but MCMV DNA was readily detected from all of the tissues tested (data not shown).
Following confirmation of the latent infection, the mice were mock treated or given a 4-week regimen of CY that induces reactivation of latent MCMV in a variety of organs following parenteral inoculation (B. M. Mitchell and J. G. Stevens, unpublished data). The dose of CY used induces a severe generalized immunosuppression in mice as measured by peripheral white blood cell counts and biological effect on acute viral replication in vivo (31, 46 ). The animals were tested for in vivo reactivation by plaque titer of the ocular and nonocular tissues, and the results are summarized in Table 1 . In this set of experiments the CY-treated animals provided a measure of immunosuppressed-induced reactivation in vivo, while the mock-treated animals provided a measure for spontaneous in vivo reactivation. Regardless of whether or not the animals were immunosuppressed, infectious virus was not detected in the eyes or in the peripheral tissues, indicating that no measurable in vivo reactivation had occurred.
As an alternative approach to detecting any in vivo reactivation, the levels of viral DNA in ocular and nonocular tissues after immunosuppression were measured. MCMV DNA from individual eyes and peripheral tissues was PCR amplified with primers specific for the ie-1 region after CY treatment. Representative results are shown in Fig. 3 . As expected, viral DNA was detected in the infected eyes in both groups, while no MCMV DNA was detected in the mock-infected eyes. Consistent with the results prior to CYtreatment, MCMV DNA was detected in 100% of the contralateral eyes, salivary glands, spleens, and lung tissues of FIG. 3 . Latent MCMV DNA following immunosuppressive treatment. Latently infected (n ϭ 10) or mock-infected (n ϭ 3) mice were given a 4-week regimen of CY or mock treated in an effort to induce reactivation. The panel shows a Southern blot analysis of PCR-amplified ie-1 DNA from mouse eyes after CY treatment. Shown are three representative samples from each group of animals. Viral DNA was detected in all the eyes from mice infected with MCMV (ϩCMV), while mock-infected animals (ϪCMV) were negative. The plasmid pRE1, which contains the relevant region of the MCMV genome, was used as a positive control, and water was used as a negative control. PCR amplification of the mouse APRT gene was used as internal sample controls. a Latently infected mice were given a 4-week regimen of cyclophosphamide or were mock treated. Animals from each of these groups were tested for infectious virus by plaque assay. infected mice following either CY treatment or mock immunosuppression (data not shown).
The levels of viral DNA in the various tissues before and after CY and mock treatments were quantitated by comparison to a standard curve of a known copy number, normalized to the APRT levels, and the relative genome equivalents were plotted for each group (Fig. 4) . Three months p.i., the mean (Ϯ standard deviation) MCMV genome equivalents value in the ocular samples tested was 0.03 Ϯ 0.08. Following CY treatment, the mean genome equivalents value in the CY-treated group was 0.18 Ϯ 0.48, and in the mock-treated group it was 0.25 Ϯ 0.58. There was no significant difference in the levels of DNA from the CY-or mock-treated animals in the eye (P ϭ 0.36). The genome equivalents in the other organs tested ranged from a high in the salivary gland of 0.1 to 1 to a low of 10 Ϫ3 to 10 Ϫ4 in the contralateral eye. These data were consistent with the load of infectious virus detected during the course of the acute infection following the subretinal inoculation. Similarly, there was no significant difference in the levels of viral DNA among the three groups in the contralateral eye (P ϭ 0.86), the salivary gland (P ϭ 0.98), spleen (P ϭ 0.23), or lung (P ϭ 0.12).
In vitro reactivation of MCMV from ocular tissue. Since neither spontaneous nor CY-induced reactivation was observed in vivo, we used explantation of latently infected tissues with permissive cells, which is another established method to induce viral reactivation (44, 57) . Organs from the remaining animals that had been mock-or CY-treated were explanted onto MEF cells and monitored up to 60 days for the development of virus-induced CPE.
Following explantation, reactivated virus from the infected eyes of immunosuppressed and immunocompetent animals was observed at the relatively high percentages of 76 and 82%, respectively (Table 2) , while no specific viral CPE from uninfected control tissues was observed. Reactivation of other MCMV-positive organs was also observed at various percentages after cocultivation, but at frequencies lower than those of the infected eyes. The organ with the largest difference in reactivation frequency between the immunosuppressed and immunocompetent groups was the contralateral eye; however, this difference was not significant (P ϭ 0.07) and might be explained by the fact that the contralateral eye had MCMV genome equivalents approximately 2 to 3 logs lower than the infected eyes, salivary gland, or lung (Fig. 4) .
The mean times of cocultivation until the observation of viral CPE were 11 days (range, 6 to 22 days) for mock-treated animals and 12 days (range, 3 to 54 days) for CY-treated animals. There was no significant difference in the mean times between the groups (P ϭ 0.35). The observed kinetics of viral CPE following cocultivation was consistent with true reactivation events.
MCMV ie-1 RNA in latently infected ocular tissue. While the standard profile of MCMV latency is without detectable transcription, there are reports of rare, low-level transcriptional activity in various organs without the detection of infectious virus (11, 18, 37) . To analyze the level of immediate-early transcription from the ocular samples, total RNA extracted from latently infected eyes, salivary gland, spleen, and lung tissue was RT-PCR amplified with ie-1 primers. MCMV ie-1 RNA was detected in 100% of the infected eyes tested in both the mock-and CY-treated groups (n ϭ 10/group), while no RNA was detected in samples that did not receive reverse transcriptase (Fig. 5 ) or in uninfected controls (data not shown). As with the DNA analysis, RNAs extracted 3 months p.i. from the eyes of infected mice perfused with PBS prior to enucleation (n ϭ 4) or nonperfused (n ϭ 3) were tested in order to determine if the MCMV RNA detected in the eyes was due to reactivating virus from latently infected blood cells within the ocular tissue. Both APRT and ie-1 RT-PCR analysis showed no significant differences in the amount of total RNA (P ϭ 0.937) or MCMV RNA (P ϭ 0.719) between eyes from the perfused and nonperfused animals. Importantly, no ie-1 RNA was detected in the matched samples from the contralateral eye, salivary gland, spleen, or lung tissue by RT-PCR, even though the lower limit of sensitivity based upon amplification of in vitro-transcribed RNA was approximately 10 copies (data not shown).
MCMV gH RNA in latently infected ocular tissue. Because of the relatively high levels of ie-1 transcription observed in the infected eyes, we tested the ocular samples for gH RNA as a FIG. 4 . Quantitative analysis of MCMV DNA in ocular and nonocular tissues. Latently infected mice were tested at 3 months p.i. (white bars) and following a 4-week regimen of CY (diagonally hatched bars) or mock treatment (cross-hatched bars). Semiquantitative PCR of MCMV DNA was performed and quantitated against a standard curve generated from pRE1 of known copy number. The amounts of ie-1 DNA were normalized against APRT levels for each sample and are expressed as MCMV genome equivalents. Shown is the mean genome equivalents Ϯ standard deviation (n ϭ 8 to 10/group) for infected eyes (eye), contralateral eyes (c. eye), salivary glands (salivary), spleens (spleen), and lung tissue (lung). a Latently infected mice were given a 4-week regimen of cyclophosphamide or were mock treated. Organs from animals from each of these groups were explanted onto MEF monolayers and cocultivated for 60 days or until viral CPE was observed. marker for late gene transcription (63) . The gH RNA levels and prevalence were analyzed by RT-PCR amplification of the matched ie-1 cDNA samples with a level of sensitivity similar to that of ie-1 RT-PCR (data not shown). gH RNA was detected in 9 of 10 (90%) mock-treated animals and 8 of 10 (80%) CY-treated animals (Fig. 6 ). Like ie-1 RNA, gH RNA was not detected in salivary gland, spleen, or lung tissue of any CMV-infected or mock-infected animals (data not shown).
Quantitation of viral transcripts. The ie-1 and gH RNA transcripts were quantitated and the RNA copy numbers were calculated for each experimental group prior to and following CY or mock treatments (Fig. 7) . The amount of ie-1 RNA was well above the lower limit of sensitivity of the PCR and ranged from approximately 9 ϫ 10 2 to 3 ϫ 10 4 copies/eye. Similar to the DNA levels, the amounts of viral RNA were not significantly different among the three groups tested (P ϭ 0.25). The levels of gH RNA were approximately 5-to 10-fold lower than the ie-1 levels and ranged from below the limit of sensitivity of the RT-PCR to 3.7 ϫ 10 3 copies (Fig. 7) , with no significant difference in the amount of gH RNA among the three groups tested (P ϭ 0.49).
Long-term persistence of MCMV in ocular tissue. To determine if the persistence of MCMV observed at 3 months p.i. was maintained for a longer period of time, eyes from mice were tested 1 year p.i. No virus was detected 12 months p.i. by plaque assay in ocular tissue harvested from either subretinally infected mice (n ϭ 6) or mock-infected mice (n ϭ 3). MCMVinfected mice (n ϭ 6) and mock-infected mice (n ϭ 3) were also analyzed for DNA and RNA at 12 months p.i. Consistent with the results from three months p.i., viral ie-1 DNA (Fig.  8A ) and viral ie-1 RNA (Fig. 8B) were both detected in the eyes from infected animals, while eyes from mock-infected mice were negative.
DISCUSSION
Latent CMV infection remains an important area of clinical investigation, since reactivation of CMV leads to significant morbidity and mortality in adult patients with AIDS and in individuals who undergo whole-organ and bone marrow transplantation. The molecular mechanisms of both the maintenance and recurrence of CMV are largely unknown, but it is FIG. 5. MCMV ie-1 RNA following immunosuppressive treatment. Latently infected mice (ϩCMV) or mock-infected mice (ϪCMV) were given a 4-week regimen of CY (ϩCY) or mock treated (ϪCY). Total RNA was extracted from the eyes, DNase treated, and reverse transcribed in the presence (ϩRT) or absence (ϪRT) of reverse transcriptase. The panel shows a Southern blot analysis of PCR-amplified ie-1 cDNA. Shown are three representative samples from each group of animals (n ϭ 10/group). CMV-infected MEF cDNA was used at the RT-positive control, which amplifies a spliced template to produce a 257-bp PCR product. The plasmid pRE1 was used as a positive control, and water was used as a negative control for the PCR.
becoming increasingly clear that both the genetic and immune controls of latent infections are dependent on the particular organ under study and the experimental model employed (11, 18, 22, 37, 45) .
Relatively little is known about CMV latency in the eye compared to what is known regarding the lung, spleen, blood, and bone marrow (4, 11) . In this report we have demonstrated that MCMV can both establish a latent infection in ocular tissues and reactivate. No measurable in vivo reactivation of latent MCMV was detected in any organ tested, not even following treatment with CY, supporting the idea that reactivation is an induced event and not simply an act of immune surveillance (38) . We also report for the first time the induced reactivation of MCMV in a high percentage of explanted eyes from both immunocompetent (82%) and immunosuppressed (76%) animals. Additionally, in the absence of detectable infectious virus, RT-PCR analysis showed both ie-1 and gH transcriptional activities in the ocular samples tested.
With respect to the establishment of latency, our findings for ocular tissue are consistent with what is known about CMV latency in other organs and meet the criteria for the definition of latency. Following a subretinal inoculation, the acute infection in the eye was cleared within 2 to 3 weeks, but MCMV DNA was readily detected in the ocular tissue beyond the point of detection of infectious virus. This was the case even following perfusion, suggesting that latency was established directly in the ocular tissues and not simply in blood cells present within the vasculature of the eye. Atypically high transcriptional activity was observed in the eye after resolution of the FIG. 6 . MCMV gH RNA following immunosuppressive treatment. Latently infected mice (ϩCMV) or mock-infected mice (ϪCMV) were given a 4-week regimen of CY (ϩCY) or mock-treated (ϪCY). Total RNA was extracted from the eyes, DNase treated, and reverse transcribed in the presence (ϩRT) or absence (ϪRT) of reverse transcriptase. The panel shows a Southern blot analysis of PCR-amplified gH cDNA. Shown are three representative samples from each group of animals (n ϭ 10/group). CMV-infected MEF cDNA was used at the RT-positive control, which generates a 406-bp product. The plasmid pHC1 was used as a positive control, and water was used as a negative control for the PCR. (5, 6, 37, 38, 45, 65) . The fact that we did not detect RNA in the other tissues further supports the conclusion that the signal was from the ocular tissue and not from MCMV-infected blood cells. In situ hybridization analysis would directly confirm this and might also identify the actual cell type(s) involved.
FIG. 8. Persistence of MCMV in ocular tissue 12 months p.i. DNA and RNA were extracted from the eyes of MCMV-infected (ϩCMV) mice (n ϭ 6) or mock-infected (ϪCMV) mice (n ϭ 3) 12 months p.i. The DNA was analyzed by PCR for ie-1 DNA (A), and the RNA was reverse transcribed and analyzed by RT-PCR for ie-1 RNA (B). Both PCR and RT-PCR analyses included direct incorporation of [␣-
32 P]dATP into the PCR products and visualization by autoradiography. Serially diluted plasmid pRE1 of known copy number was used as a positive control for DNA analysis, and serially diluted in vitro-transcribed RNA of known copy number was reverse transcribed and used as a positive control for RNA analysis. Water was used as a PCR negative control, and APRT DNA or RNA was used as internal sample controls.
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The molecular state of persisting CMV is still in question, and the virus might exist both in a true latent state and as a low-level chronic infection (50, 64, 65) . There are several possibilities that could explain the transcriptional activity that we observed in the eye. Without the detection of infectious virus, transcription of ie-1 might represent a low-level persistent CMV infection, transient or incomplete reactivation of latent virus, or irrelevant transcripts due to alternative transcriptional control in ocular tissues. In studies of HCMV, ie-1 transcripts produced from a novel latency-specific promoter and antisense ie-1 transcripts have been identified in a small percentage of granulocyte-macrophage progenitor cells infected in vitro and in bone marrow cells of healthy, seropositive individuals (16, 35, 53) , but their biological role is unclear (62) . Initiation of ie-1 transcription is likely the first step in the reactivation process and is required to initiate the replicative cycle; however, our data and previous reports indicate that it is not necessarily a reliable indicator of productive CMV infection (18, 38) . Although there is no definitive proof that there was complete absence of infectious virus when the ie-1 transcripts were detected, our data suggest in at least two ways, i.e., the minimal influence of immunosuppression and the level of transcriptional activity, that an active infection was not present.
Following treatment with CY, no differences in the amounts of DNA and RNA or in the levels of reactivation were measured. If the DNA and RNA levels in the ocular tissues were indicative of a low-level smoldering infection, treatment of the animals with CY would likely have allowed amplification of infectious virus to the level of detection by standard plaque assay. There was also no difference in the reactivation kinetics between the CY-treated and mock-treated groups. One argument could be that the CY regimen used did not have a biological effect in the eye. However, we have previously demonstrated that CY treatment induces a generalized immunosuppression (31, 46) and has a biological effect on acute replication of MCMV. Peak virus titers are increased within ocular tissue and clearance of the virus is delayed following CY treatment (31) . Further evidence for true reactivation events and not just amplification of a smoldering productive infection is that during explantation, most of the cultures (Ͼ80%) showed no signs of CPE until after 1 week or more in culture.
A possible explanation for similar levels of transcriptional activity and reactivation frequencies in the immunocompetent and in the immunosuppressed animals might involve specific immunoregulatory factors not affected by the CY treatments either directly or indirectly. For instance, there could be a release of cytokines that in turn induce the expression of the ie-1 gene or other factors important in the reactivation pathway. It has been suggested for both MCMV and HCMV that the tumor necrosis factor (TNF) might play an important role in reactivation by inducing immediate-early gene expression through activation of NF-B (10, 13, 55) . TNF has recently been shown in an allogeneic transplantation model to induce MCMV ie-1 gene expression in the kidney and lung (22) . Although we currently have no data to support that this occurs in ocular tissue, it is conceivable that the presence of cytokines in the relatively isolated environment of the eye could have a significant effect.
The second line of evidence for our data measuring true reactivation from latency is the level of transcription observed.
The frequency and amount of transcriptionally active ocular tissue was high enough that infectious virus should have been detectable if ie-1 transcription was a consistent marker for productive infection. The levels of viral DNA in the latently infected ocular tissues were equivalent to at least 1 to 2 logs of infectious virus based on the estimated 500 MCMV genome copies/PFU previously calculated (36) . If the transcripts detected were associated with permissive viral replication, then infectious virus would be expected to be detectable by plaque assay.
Transcriptional activity of ie-1 in the absence of detectable infectious virus is not necessarily in contradiction with other reports, but there are notable differences indicating that the molecular state of CMV persistence in the eye is unlike what is known for the spleen, lung, or salivary gland. The first difference is that significant ie-1 RNA levels were detected in 100% of the eye samples tested. This high frequency of ie-1 detection is intriguing in the context of recent work on MCMV latency in the lung. Kurz et al. have developed a mosaic model of ie-1 transcription in the lung following irradiation treatment, which indicates a focal pattern of activity, in which the molecular activity detected is randomly distributed throughout the organ, with large areas of no detectable activity (37, 38) . The frequency of transcriptionally active tissue in the lung is relatively high (7 to 15 foci/lung) without the detection of infectious virus even by use of a previously described high-sensitivity focus expansion assay (36) . Importantly, the pattern of transcriptional activity in the lung is not confined to the ie-1 gene and there is evidence of cotranscriptional regulation with the generation of the IE-3 transactivator, a protein known to be critical in the transition from latency to recurrence (1, 38) .
Our data indicate that during latent infection of the eye, MCMV expresses a pattern of transcriptional activity that is not confined to the immediate early region. This further supports control of reactivation at checkpoints subsequent to ie-1 transcription (37) and provides evidence for control even after transcription of late viral genes. An important parameter will be to distinguish whether the multiple checkpoints required in the transition from latency to productive infection rely on the inherent differences in the tissues or if there are differences in the levels of molecular significance at each checkpoint. Additional testing for transcriptional activity of other viral genes in ocular tissue might help determine more-specific parameters of the viral persistence in the eye. Since recent work in cell culture and in the lungs of mice has indicated that the ie-3 gene is essential for viral growth and an important regulator in the transition from molecular latency to recurrent infection (1, 38), we are currently testing our ocular samples for the expression of this transcript. Although the precise molecular controls in the ocular tissue may be different from those in the lung, our findings are consistent with those for the lung and indicate the existence of several sequentially ordered control points in the transition from latency to recurrence. For the eye, these specific checkpoints appear to extend beyond the immediate-early and early genes to a late gene transcript, and this could have significance with respect to the frequency of reactivation in vitro and the overall level of regulation of CMV persistence in this tissue.
Transcriptional activity of ie-1 in the spleen has also been detected (18) on September 28, 2016 by guest http://jvi.asm.org/ dependent on the limit of sensitivity of the PCR. We extracted the RNA and DNA from entire eyes, so our results cannot confirm if the transcriptional activity that we observed was a focal event from one or more particular cell types in the eye or if the activity was randomly distributed throughout the tissue. Importantly, we did not detect any transcriptional activity of ie-1 or gH in any of the other latently infected tissues either before or after immunosuppressive treatment. These results are not necessarily in contrast to the previously reported transcriptional activity detected in the spleen and lung and might be explained by the initial level of virus that seeded these organs following the subretinal inoculation. Because the acute viral titers in the peripheral organs were 2 to 3 logs lower than that expected following an intraperitoneal or intravenous inoculation (65), our lack of ie-1 detection in the spleen and lung might be explained by the relatively low copy number of viral genomes in these organs (51) . This could also account for the lack of measurable CY-induced reactivation in vivo.
The second difference between ocular transcription and that of other organs in our findings was our ability to detect late gene transcripts in a high frequency of both immunocompetent (90%) and immunosuppressed (80%) animals. In samples positive for gH RNA, the gH levels were 5-to 10-fold lower than the ie-1 RNA levels. The actual numbers of gH copies/eye might be slightly overestimated, since quantitation of gH was calculated from detection signals that were readily visible but on the border of the linear range of the RT-PCR. This could mean that the differences which we report are actually a minimal difference. Regardless of the actual ratios of gH and ie-1 RNA levels, our findings are similar to those of a previous study reporting that both ie-1 and gH transcriptional activities were detected in latently infected ocular tissue (11) . However, it is noteworthy that the late gene transcripts in that study were detected only following immunosuppression (11) . In the lung, the late transcript of glycoprotein B (gB) has been detected, but again, only after immunosuppressive treatment (38) . To our knowledge, there have been no other reports of late gene transcriptional activity associated with CMV latency outside the context of immunosuppression or recurrent productive infection.
It is noteworthy that the levels of viral transcripts are several logs lower than that of DNA and that the gH transcript levels are lower than the levels of ie-1 transcripts. Clearly, most of the DNA persisting in the ocular tissue was not transcriptionally active at any given instant, suggesting the more typical profile of MCMV latency. However, at least some of this DNA was potentially biologically relevant as supported by the detection of immediate-early and late viral transcripts and the explantation-induced reactivation. The difference in levels of ie-1 and gH RNA is interesting and could provide important insight into the molecular regulation of MCMV latency and reactivation. Two obvious explanations for the differences are that transcriptionally active cells express both RNA populations but the ie-1 RNA is produced at higher levels or that only a portion of the ie-1-expressing cells are expressing gH RNA. The latter situation is likely and would suggest that different latently infected cells are at different points along the pathway of reactivation and that multiple checkpoints exist along that pathway to regulate full permissive reactivation from latency. In situ hybridization analysis with transcript-specific probes should provide additional information to delineate this issue.
The observations of MCMV in ocular tissue are interesting if reactivation in the eye is apparently not exclusively controlled by the intact immune system, and our data could provide insight into what is emerging in the clinical setting among patients with recurrent CMV retinitis. There might be other mechanisms for controlling CMV latency which are minimally influenced by immune reconstitution with HAART, and this will have implications in the long-term management of these patients. The fact that virus was able to spread from the inoculated eye to the contralateral eye might have significance in the development of bilateral eye disease seen in some AIDS patients. Future studies using this mouse model can further address this spread of virus. Finally, ocular infection of mice with MCMV will be a useful model for determining the molecular mechanism regulating CMV latency both within ocular tissue and in visceral organs.
